Abstract-Over the years, the exoskeleton robot has become an effective technical means in the field of limb action function recovery. In this paper, a bionic wearable upper limb exoskeleton robot is proposed for stroke survivors. The robot is designed on the basis of anatomy and biomechanics. Based on the skeletal structure of the human body, the bones and muscles of the human body movement system are modeled. The skeletal muscle and the muscle tendon are simulated by the tension line and the flexible band respectively. The robot is tested on a humanoid platform. Test results show that the joint motion range and trajectory curve are highly similar to the human body. The effectiveness of the bionic design is proved. The whole device motion chain has a similar motion configuration of the human body, and the drive mode conforms to the principle of human driving, so that the wearer's movement conforms to the normal mode of the human body. The robot is wearable and light in structure. This work will assist the upper-limbs in both activities of daily livings (ADLs) and physical therapy, and improve the life confidence and self-care ability of patients with movement ability disorders.
I. INTRODUCTION
It is natural for humans to use arms and hands flexibly, but there are still many people who lost the ability to control their arms and hands because of hemiplegia and paraplegia. Nowadays, hemiplegia and paraplegia have become a common social problem. Each year, about 2 million of the patients with brain injury and spinal cord injury are added in China. A large number of paraplegic and hemiplegic patients hope to have a high quality of life as soon as possible.
Rehabilitation is to make human life become better and broaden the life span of human beings. But traditional medical rehabilitation is a long process. The recovery period of stroke patients is usually several or even ten years. The older patients are, the worse their recovery ability is. Once the patient gets sick, their life quality drops rapidly, which is a quite big attack to patient's life confidence. Some patients haven't been restored even when they die. Assistive devices can speed up the process of patient's recovery, and the patient can quickly get action ability by the assistive device. It can improve the life confidence and self-care ability Many assistive devices have been developed to auxiliary restore movement ability. One of the most typical solutions is the exoskeleton robot [1, 2] . The robot can assist the human motion [3] . At present, there are two structural component types: stiffness exoskeleton robot [4] and soft exoskeleton robot [5, 6] . Stiffness exoskeleton robots have the following drawbacks [7] : 1) interfering with joint movement and causing the wearer to deviate from the natural movement pattern; 2) large inertia and bulky adjustment mechanism increasing the metabolic and wearing system costs; 3) low dynamic response hurting the wearer's flexibility. These obvious defects have seriously restricted their application in rehabilitation. In view of the above problems, some researchers have proposed the concept of soft exoskeleton robot [8] . At present, the design of soft exoskeleton robot doesn't take the human body's own skeleton and muscle into consideration, leading to the wearer's trajectory and motion range deviating from the natural movement [9] . At the same time, human movement is accomplished by the coordination of multiple muscles. Without consideration of human kinematics, long time wearing will damage the muscles without an assist. Moreover, the forces that drive the joints don't fit the normal muscles of the body, causing joint damage [10, 11] .
Stroke patients often lose the action ability of the left or right half of the limb. The loss of upper limb mobility has a great impact on activities of daily livings (ADLs). Daily activities, such as eating, drinking, brushing and other activities, require the upper limbs to complete, so the recovery of upper limb action ability has important significance.
In this paper, based on the problems mentioned above, we propose a kind of bio-inspired wearable soft upper-limb exoskeleton robot for stroke survivors. The design of the robot is based on the principles of bionics and biomechanics. Firstly, establish the model of the human skeleton and muscle; secondly, use the skeletal structure of the human body as the basic hardware. Thirdly, use the tension line to simulate the human skeletal muscle and flexible bandage to simulate human tendon. Finally, realize the device structure with a similar , and Lianqing Liu configuration of human body movement and the driving method in accordance with human driving principle.
II. THEORETICAL ANALYSIS

A. Musculoskeletal model analysis
Human body structure is the result of biological evolution for hundreds of millions of years. So energy, efficiency and method of force generator are efficient, which is worth imitating and learning. Robot design is based on human body structure and adopts bionics design to make robot movement accord with human body motion trajectory.
The movement of the human body is mainly related to the movement system composed of bones and skeletal muscles. The movement of the body is mainly through the rotation of the limbs. The skeleton provides rigid support for the body as a lever system of motion. Muscles can be divided into skeletal muscle, smooth muscle and cardiac muscle according to their functions. Skeletal muscles are attached to the human skeleton and the major fixation and activity of the skeletal system. The skeletal muscle can only pull the bone instead of pushing it away, so the completion of an action is always performed by the coordination of two groups of muscles, with the assistance of the nervous system and other systems.
The attachments of skeletal muscles to the bones are called the start point and the stop point. Between these two points the contraction of the muscle causes the skeletal lever to move. According to the form of muscle action, the anatomy simplifies the muscle to a tension line, as shown in Fig. 1 . The skeletal muscle tensions are linearized by a medical tomography. The way that muscles act on the skeleton is a linear force. Abstracting muscles into tension lines that stick to the start and stop of the bones, they can generate forces through the contraction of the muscles and pull the bones to produce the corresponding movements. The skeletal muscle tension is the line from the start point to the stop point of the muscle. Because the muscle shapes are different. Some strips of muscle can be simplified as a tension line. However, some large areas such as deltoid muscle, pectoralis major muscle, are simplified as tension lines based on the effect and the shape. Most of the skeletal muscles are around the joints. The shape of the joints determines how the muscles fit together. The position of the muscle relative to the joint determines the movement of the joint during the contraction of the muscle. At the same time, any action of the human body is accomplished by the cooperation of many muscles under the control of the nervous system, which should be taken into consideration in simplifying the tension line.
B. Human imitating experiment platform
In order to facilitate the experimental test, a platform for humanoid movement is built, including the human torso, which can't be moved, and a 7 degree of freedom humanoid arm which is made by 3D printing technology. The movement of the bionic exoskeleton robot is in line with the human body movement. The hardware platform should have a movement chain configuration similar to human, so in the design of the arm, freedom and movement of joint structure design are adopted based on the principle of bionics. Based on the anatomical arm structure, a component model of arms is established in the commercial 3D modeling software Solidworks (Dassault Systems. SA, Concord, Massachusetts). As shown in Fig. 2 , the SolidWorks modeling capability is powerful and can be debugged and assembled within the software. After the model was built, the rapid manufacturing of the model was carried out through the commercial 3D printer RAISE N2 PLUS (Raise3D, Inc. Shanghai, China). 3D printing supplies materials for polylactic acid (PLA), which is a new type of bio-based and biodegradable materials, made of renewable plant resources (such as corn) proposed starch raw material, with the characteristics of environmental protection, low density and high strength. The 7 degrees of freedom of the bionic arm include: shoulder joint with 3 degrees of freedom: front and back flexion, internal and external expansion, internal and external rotation; elbow joint with 1 degrees of freedom: flexion; forearm with 1 degrees of freedom: pronation, supination, wrist with 2 degrees of freedom: back bends, surround. Fig. 4 is a humanoid arm with 7 degrees of freedom.
The 3D print arm model is mounted on the human torso (not having athletic ability) to build a primary humanoid platform, as shown in Fig. 3 . 
III. MATERIALS AND METHODS
A. Bionic structure design of exoskeleton robot
The human action system can be divided into two parts, the motion hardware structure composed of bones and the motion drive system composed of skeletal muscles. From the point of view of medical anatomy, the skeletal muscle system of human body attaches to the surface of skeletal system and connects with a bone through the tendon. The bionic design of robot takes the human's own skeletal structure as the hardware foundation, in order to simulate the skeletal structure in the human biological movement system. The robot, which is designed and manufactured by exoskeleton technology, simulates the movement of the skeletal muscle system, which is responsible for the human biological system. The bionic design of skeletal muscle motion drive system is discussed below.
The basic design concept is to create a bio-inspired wearable soft upper-limb exoskeleton robot for stroke survivors. The design concept of the robot is based on soft robot and exoskeleton robot technology. Bionics is the core idea of the design. The aim is to design a lightweight, flexible wearable robot that can imitate human action system. In order to verify this concept, we carried out the project of a primary prototype.
1) Bionic elbow joint design:
The elbow is composed of 3 bones [12] : humerus, radius, ulna and 3 joints of the radial joint,the ulnar joint and the proximal radioulnar joint of the 3 bones. The muscles of the elbow joint are divided into elbow flexors and elbow extensors. The elbow flexors include the biceps brachii and the triceps muscle, and the elbow extensors mainly include the triceps brachii muscle. The ends of the muscle are connected to the bone through the tendon. The two ends of the skeletal muscle are called the start point and the stop point respectively. When the muscles contract, they draw a straight line between the two ends, which results in the rotation of the joint. Based on this, a tension line is arranged at the start point and the stop point of the muscle to simulate the muscle tension. The structure diagram is shown in Fig. 4 .
As shown above, the muscles that drive the elbow bend are mainly the biceps brachii muscle and brachial muscle. According to the curve of muscle traction in anatomy, the tension lines are set at the corresponding position of the muscle, achieving elbow movement. The tension line is connected with the human body through a flexible ring, and the flexible ring is made by 3D printing. Muscular and skeletal are connected by the tendon. Flexible ring has the similar characteristics as the tendon. It has strong tensile ability and can bear greater tension and strong strength. At the same time, flexible ring has a certain deformation ability, can adapt to different shapes of the arm. The ring structure enables the force to disperse on the whole ring, so that the force is uniform and the deformation of the structure is small. The structure is shown in the Fig. 5 .
2) Bionic Forearm Design:
The radius and ulna are bound together through the interosseous membrane, the proximal and distal radioulnar joint. The set of joints is located at both ends of the forearm, allowing the forearm to rotate forward and backward. The supination of the forearm causes the palms to move up and down. The rotation muscles of the forearm mainly include pronation and supination muscles. Their ends are connected to the radius. The rotation of the forearm is different from that of the elbow. The rotation of the forearm is achieved by the relative change of the radius between the ulna and the radius. The axis of rotation is collinear with the forearm. The structure diagram is shown in Fig. 6 .
3) Bionic design of the shoulder joint: he shoulder joint is the most complicated joint of the arm, consisting of the humerus, sternum, clavicle and shoulder blade. The shoulder complex consists of four joints, the acromioclavicular joint, the acromioclavicular joint and the glenohumeral joint, with the highest degree of freedom. Because the shoulder joint is located at the initial position of the arm, it is most stressed in the arm joint. In this article, the glenohumeral joint is only analyzed. In many muscles of the shoulder, the deltoid and supraspinatus muscles are responsible for the rotation of the glenohumeral joint and the upward movement of the arm. The detailed structure is shown in the Fig.7 . The anterior and posterior shoulder joints are performed by the pectoralis major and the trapezius muscle, and they are antagonistic. Because these two muscles are large, a part of them is responsible for driving the shoulder joints. The detailed structure is shown in the Fig. 8 . 
B. Human motion data acquisition method
In order to compare the trajectory of the human body and the model, the human motion data were collected by XBOX360 kinect1.0 development version (Microsoft Corporation., Redmond, Washington, USA). The similarity between robot and human trajectory is compared, and the effectiveness of bionic design is evaluated from the point of view of output motion.
C. MATLAB data analysis
Because the data collected by the Kinect device are volatile. The process of using MATLAB for data is: first of all, the median filtering method is used to process the data; Then, the plotting function is used to plot the trajectory in the space coordinate system by using the drawing functions in MATLAB; Finally, the correlation between the two sets of data is analyzed, and the coincidence degree of the two tracks is judged.
D. Drive system design
The system drive part can be divided into: control part, power supply part, transmission part. The power source of the drive system is the motor, the controller adopts single chip microcomputer. The controller generates the control signal, which drives the motor. The tension line of the motor generates the driving force. Finally, the force on the tension line is passed to the tendon to drive the joints to rotate, Multi joints tension lines cooperate to drive the exoskeleton robot to realize the humanoid movement.
IV. RESULT AND DISCUSSION
A. Single joint testing and analysis
In order to validate the design of joint drive capability, the rotational degrees of freedom of the elbow and forearm were measured. The results are as follows:
The effect of elbow traction on the motion of the elbow is shown in the Fig. 9 : the elbow range of motion is from 180 to 45 degrees. The forearm can perform pronation and supination under the tension line of the simulated muscles, and the two simulated muscle tension lines need to cooperate with each other. The results of rotational motion are as shown in Fig. 10 . The rotation range of the forearm was measured from 0 degrees to 160 degrees. Through experiments and analysis of motion data, it is proved that the exoskeleton robot has a high similarity in the range of motion and movement to the human body.
B. Composite motion testing and analysis
After a single joint test, a specific action test was conducted to test the joint motion ability of the system. The experimental test system is carried out on the humanoid platform, as shown in the following Fig. 11 . The humanoid sports platform has a high degree of humanoid appearance. The arm has the same degrees of freedom and motion configuration as human. 
C. Trajectory analysis
The motion parameters of the human body and the motion model are measured by Kinect, and the measurement system is shown in the Fig. 13 . The correlation function of MATLAB is used to analyze the data correlation of 5 nodes in the two sets of data, so as to evaluate the similarity between the two sets of trajectories. After a large number of experiments, the correlation between the two sets of data is calculated. The correlation coefficient is between 0.85 and 0.95, which shows that the two sets of trajectories have high similarity.
V. CONCLUSION
Stroke, paraplegia and other diseases lead to loss of action ability, causing great distress to the patients and their family. In order to improve the confidence and activities of daily livings ability of patients, a wearable exoskeleton robot based on bionics is proposed. The robot has the advantages of portability, comfort and adaptability. It can realize the daily wearing of patients, assist the patients to exercise, and restore the ability of movement. A single joint movement and a multi joint coordinated motion experiment were performed on a humanoid platform. The experimental results show that the bionic design enables the robot to reach the similarity with the human body in the range of motion. In order to verify the similarity between each joint motion trajectory and human body, the trajectory data of human bodies and model were collected by Kinect and analyzed by MATLAB. The results show that the correlation coefficient of the two sets of trajectories is about 0.9, and the trajectory coincidence is high. It proves the validity of bionic design. In the further work, a complete kinematics model of bionic line drive robot will be established, and the control and feedback system should be improved. In this study, the robot's design concept learns from the human structure evolved over eons of time. The robot has the incomparable advantages of traditional exoskeleton robot in accordance with the habit of wearing and no additional injury to the wearer.
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